We have studied the effect of Al on growth and morphology of maize seedlings (Zea mays L.), the changes in organic acid content as well as the role of application of exogenous citrate in enhancing the Al tolerance. Al treatment induced inhibition of root growth, causing morphological symptoms of Al toxicity. Al decreased significantly the malate content in roots compared to control plants. However, the citrate and total organic acids did not show any change, indicating that one mechanism underlying plant defense may involve the maintenance a normal levels of organic acids in roots. The succinate content increased in roots at 1000 µmol L −1 Al, while that of lactate decreased. However, 500 and 1000 µmol L −1 Al significantly increased the total organic acid in shoots, due to an increase in the succinate and malate contents. By contrast, the citrate and lactate levels decreased at 250 and 500 µmol L −1 Al. To investigate the role of citrate in enhancing the plant growth, citrate was supplied to nutrient medium containing 500 µmol L −1 Al at different Al:Citrate ratios (1:1, 1:2 and 1:3). The addition of citrate in the nutrient solution resulted in an alleviation of Al toxicity, with the maximal effect obtained at Al:Citrate ratio of 1:2. These data provide evidence that in maize, the organic acids, mainly citrate play an important role in enabling the plant to tolerate elevated exposure to Al concentration.
Introduction
Aluminum is the third most abundant element in the earth's crust, present in soils as insoluble aluminosilicates and oxides. However, at pH ≤ 5, toxic forms of Al (mainly A1 3+ ) are solubilized into the soil solution, inhibiting root growth and function, and thus reducing crop yields. Acid soils comprise up to 50% of the world's potentially arable land, up to 60% of which occur in developing countries . Al affects a wide range of physiological processes, via Al interactions with cellular targets, including apoplast (cell wall), plasma membrane, and symplast (cytosol). To deal with Al toxicity, plants use a variety of metabolic and cellular strategies; these include mechanisms that exclude Al from entry into the plant (Al resistance), and/or those detoxifying or sequestering Al in the symplasm (Al tolerance) Delhaize et al. 2007) .
Organic acids (OAs) play many roles in soil such as nutrient acquisition, mineral weathering, microbial chemotaxis and metal detoxification (Jones et al. 2003) .
The Al-tolerant plants use OAs to detoxify Al either internally by chelation and detoxification in the symplasm, or externally via OA exudation from the root apices in the apoplasm or the rhizosphere. Previous studies have concluded that root exudation of OAs is the main mechanism of Al tolerance in plants (Liao et al. 2006) . The OAs commonly exuded from roots are: malate in wheat (Triticum aestivum) (Delhaize et al. 1993; Ryan et al. 1995; Pellet et al. 1997) , citrate in maize (Zea mays) and Cassia tora (Ma et al. 1997c; Miyasaka et al. 1991; Pellet et al. 1995; Yang et al. 2000) , and oxalate in buckwheat (Fagopyrum esculentum) and taro (Ma et al. 1997b; Ma & Miyasaka 1998; Zheng et al. 1998 ). Moreover, Al-tolerance mechanism involved internal detoxification of Al with OA ligands and the sequestration of the organic acid-Al complexes in the vacuole (Chaffai & Marzouk 2009 ).
In the present study, we investigate the effect of Al on the seedling growth and the OA content after prolonged exposure (4 days) to various Al concentrations. To further understand the role of OAs in plant defenses, citrate was added to the culture medium at different Al:Citrate ratios.
Material and methods
Plant material, Al treatments and growth conditions Maize (Zea mays L.; var.
LG 23/01 purchased from Limagrain France) caryopses were surface sterilized with 10% (v/v) H2O2 for 20 min, rinsed many times with tap water, sown on filter paper saturated with distilled water and germinated in the dark at 25
• C for 3 days. The germinated seedlings were transplanted into 12 L tanks (90 seedlings/tank) which contain basal aerated nutrient solution and were grown for 4 days. The selected seedlings for uniform size were then grown for an additional 10 days, in 6 L flat plastic pots (12 plants/pot). Fourteen-day old maize seedlings were transferred to nutrient solution containing various Al concentrations: 20, 50, 100, 250, 500, and 1000 µmol L −1 , added as Al(NO3)3 · 9 H2O and grown for 4 days.
All experiments were conducted in a growth chamber under controlled environmental conditions of a 16/8 h day/night cycle, 25/22
• C day/night temperature, 65% relative air humidity, and a photon flux density of 150 µmol m −2 s −2 photosynthetic active radiation provided by mercury lamps. The basal nutrient solution contained the following macronutrients (in mmol L −1 ): KNO3, 2; Ca(NO3)2, 2.5; KH2PO4, 1; MgSO4, 1, and micronutrients (in µmol L −1 ): Fe-K-EDTA, 50; H3BO3, 30; MnSO4, 10; CuSO4, 1; ZnSO4, 1; and (NH4)6Mo7O24, 0.2 (pH 5.7). The pH of the control and treatment solutions was adjusted daily to 4.0, and Ca 2+ , Mg 2+ and H2PO − 4 concentrations in these solutions were lowered by half to avoid Al interactions and precipitation (Chaffai et al. 2005) . Plants were harvested; the roots were washed three times with distilled water, and then blotted dry on filter paper. The fresh weight was determined and frozen in liquid nitrogen before extraction and assay of OAs.
Extraction of organic acids
Total OAs were extracted with 0.01 M phosphoric acid in liquid nitrogen, and the homogenates were immediately centrifuged 10 min at 20,000 g and 4
• C (Beckman Avanti 30 Centrifuge). The supernatants were collected, and immediately subjected to OA analysis after passing them through a 0.45-µm syringe filter.
Analysis of organic acids by HPLC Separation of OAs was achieved on a Zorbax strong anion exchange column (Zorbax SAX 4.6 mm × 25 cm, 5 µm particle size). The 0.2 M KH2PO4 buffer was used as mobile phase (filtered through sterile 0.45-µm filters and adjusted to pH 3.0 with concentrated phosphoric acid). The high performance liquid chromatography (HPLC) apparatus used is a HP 1100 series including a 4 solvent delivery system, a 20 µL loop and a sample injector. The HPLC system is also equipped with a variable wavelength detector (VWD) which records the signals. The peak area was integrated using HP Chemstation 4.0 software, which is programmed with external standards prepared for the following OA anions: succinate, malate, citrate, and lactate. Isocratic elution of OAs was monitored at 210 nm (A210) for the detection of carboxyl groups, at a flow rate of 1 mL min
and at 25
• C (Billingsley et al. 1996) . The peaks were identified by comparing their retention time (Rt) with those of known standards, and quantified on the basis of the A210 nm standard calibration curves. OAs in root exudates were analyzed by HPLC under identical conditions after passing them through a 0.45-µm filter.
Statistical analysis
Data shown in tables and figures are mean values of two independent experiments, with 5-6 replicates. Standard errors (SE) of the means are presented. Differences among treatments were analyzed by One-Way ANOVA, using SPSS 12.0 for windows (SPSS, Chicago, IL, USA) software packages, and were considered significant at P < 0.05.
Results

Effects of Al on root growth
Four days of Al treatment prove to have dramatic effects on plant growth leading to alteration in root structure and morphology ( Fig. 1) . Al significantly reduced the elongation of primary and secondary roots. Altreated roots exhibited severe symptoms of Al toxicity such as swellings of lateral roots and alterations of the root apices. These symptoms began to be evident at the root apices after few hours of exposure to Al and increased with increasing external Al concentrations (Chaffai & Marzouk 2009 ). The roots of maize grown at 1000 µmol L −1 Al exhibited the most pronounced alterations (Fig. 2) . The fresh weight of roots was severely affected by Al (Fig. 3) . The decrease was by 25.8 to 50%. However, only treatment by 500 and 1000 µmol L −1 Al decreased significantly the shoot fresh weight (about 32 and 50%, respectively).
Changes induced by Al in root organic acid content
The high performance liquid chromatography (HPLC) of root extracts revealed 4 peaks identified by comparing their retention times to those of known standards: succinate, malate, citrate, and lactate. There were no significant changes in citrate and total content of OAs in Al-treated roots (Table 1) . However, when treated with 250, 500 and 1000 µmol L −1 Al, the malate content significantly decreased by about 41%. As shown in Table 1 , the succinate content in roots treated with 1000 µmol L −1 Al increased by about 2-fold, while lactate levels decreased by about 78%.
Changes induced by Al in shoot organic acid content HPLC analysis of OAs in shoot extracts revealed the same OAs seen in roots. Differences in changes in shoot OA content in response to Al are evident between the control and the different Al treatments (Table 2 ). The total concentration of OAs in shoots was increased significantly at 500 and 1000 µmol L −1 , (1.6 and 4.2-fold, respectively), with the increase being due to an increased accumulation of succinate (about 5.0 fold) and malate (about 1.8 fold). On the other hand, there was a significant decrease in the concentrations of citrate (about 31 and 20%, respectively) and lactate (about 34 and 65%, respectively) in maize grown at 250 and 500 µmol L −1 .
Enhanced Al tolerance by citrate
The addition of citrate to nutrient medium containing 500 µmol L −1 Al had an ameliorative effect on plant growth, particularly on roots (Fig. 4) . The addition of citrate was correlated to an increase in root and shoot dry weight. The roots of seedlings treated with Al:Citrate ratio of 1:2 showed the most ameliorative effect (Fig. 4) . The treatment with exclusively 500 µmol L −1 Al, decreased significantly the root and shoot dry weight by respectively 47% and 58% compared to the control (Fig. 5) . However, an increase by respectively 33.8% and 32.7% in root and shoot dry weight was observed in seedlings treated by Al:Citrate ratio of 1:2.
Discussion
Aluminum toxicity in maize roots
Al-induced inhibitions of root growth and development were comparable to those previously reported in maize and in a variety of other plant species (Blancaflor et al. 1998; Piñeros et al. 2002; Wang et al. 2004 ). An early response to Al is inhibition of root elongation (Fig. 1) . This effect is among the most sensitive responses to Al and suggests that Al quickly disrupt root cell elongation, prior to inhibiting cell division.
The growth inhibition and the root swellings in maize (Fig. 2) are likely to be due to changes in microtubule orientation leading to expansion of the inner cortical cells and therefore, the cytoskeleton may be the primary target of Al toxicity in maize in response to Al stress (Blancaflor et al. 1998) . The hematoxylin staining, swellings of root apices, and callose synthesis are manifestation of Al stress symptoms in roots of some plant species. Evidence indicates that these damages can be observed even after a short period of Al exposure, while the browning and lateral root initials are normal wound responses measured after long-time of Al treatment. The callose formation has also been observed after prolonged Al treatment, due to Al interaction with the plasma membrane, resulting in the loss of its integrity (Yamamoto et al. 2001) .
The most prominent effect of Al was observed in the distal part of the transition zone (DPZ) of the root apex (Sivaguru & Horst 1998) . These toxicity symptoms can be correlated to the increase in accumulation of Al in roots (Chaffai & Marzouk 2009 ). X-ray microanalysis and secondary ion mass spectro analysis have indicated that a significant fraction of Al in roots is associated with apoplastic binding sites. It was recognized that significant accumulation of Al in the cell walls may alter their structural and mechanical properties, and thus affect the root growth (Wang et al. 2004 ). The Al binding to sensitive binding sites in the apoplast of the epidermis and the outer cortex of roots has been shown to inhibit root growth in maize (Stass et al. 2006) . The Al binding to these negatively charged sites can lead to displacement of Ca 2+ , fundamental for cell-wall stability (Rincon & Gonzales 1992; Tabuchi & Matsumoto 2001) . The cell wall components, mainly pectins, are supposed to be a critical site for Al-cell-wall interactions ).
Role of organic acids in Al tolerance in maize
We recently reported alterations in the secretion pattern of organic acids in maize induced by Al stress (Chaffai & Marzouk 2009) . In this study, we showed an increase in citrate exudation after 4 days of exposure to 1000 µmol L −1 Al. It shoud also be noted that citrate secretion was not altered by any of the other Al treatments. This is due to the use of a high ionic strength nutrient solution with a high P concentration. This leads to a relatively low Al 3+ activity in the solution despite of high total Al. Citrate may chelate Al 3+ either in the immediate environs or within the apoplasm of the root apex. Activation of an anion channel by Al may be a possible mechanism involved in rapid citrate release. It was hypothesized that multiple mechanisms operate for Al tolerance in maize. These could include a constitutive, Al-independent malate/phosphate release (via Al-independent anion channels), which may provide a basal level of tolerance, and upon exposure to Al, a rapid citrate release is activated (via Al-activated channels), allowing a more effective exclusion given that citrate chelates Al 3+ much more strongly than malate. The Al-stimulated efflux of citrate was found to be localized in root apices in maize (Pellet et al. 1995) , where an Al-gated anion channel (Al-dependent anion channel) mediating the OA transport and the Al-tolerance response has been identified in the plasma membrane of root cortical cells (Piñeros et al. 2002) . While Al exclusion via Al-activated organic efflux was correlated with enhanced Al tolerance in several plant species (Miyasaka et al. 1991; Pellet et al. 1996) , the correlation between Al resistance and this Al-exclusion mechanism was not established among a wide range of maize cultivars . There was also a lack of correlation between internal OA concentrations and efflux rates in Al-tolerant and Al-sensitive maize genotypes Yang et al. 2006) .
The results also suggest that an additional Al tolerance mechanism through internal detoxification may operate to allow the roots to cope with the ongoing Al accumulation. These tolerance mechanisms may involve formation of Al complexes with OAs. The main OAs known to effectively detoxify Al are citrate > oxalate > tartrate followed by malate > malonate > succinate > acetate (Hue et al. 1986 ). Other mechanisms may prevent Al-induced disruptions of OA synthesis and degradation because OA contents showed a less great response in roots than in shoots to Al treatment (Tables 1 and 2 ). The maintenance of normal level of OAs in the roots has been shown to be essential for tolerance to Al stress (Taylor 1991) .
However, the malate content in roots decreased in response to exposure to Al (Table 1) , as reported earlier in roots of maize cv Cateto-Colombia (Piñeros et al. 2002) , which contrasts with the Al-induced increase in root malate content reported for maize cv SA3 (Pellet at al. 1995) . Al reduces the root citrate and malate contents more in sensible cultivars than in tolerant cultivars of Hordeum vulgare, Phaseolus vulgaris, Pisum sativum, Triticum aestivum and Zea mays (Klimashevski & Chernysheva 1980; Lee & Foy 1986) . Increases in root citrate content have been reported in maize cultivars SA3 (Pellet et al. 1995) and CatetoColombia (Piñeros et al. 2002) and in Al-tolerant rye and soybean cultivars (Li et al. 2000; Silva et al. 2001) upon exposure to Al. An internal detoxification of Al by forming an Al-oxalate complex was used to explain Al tolerance of buckwheat that had accumulated high levels of Al in root tissues (Ma et al. 1997b) . Studies in Al accumulator crop species such as buckwheat have shown that these species can tolerate Al by translocating it to the shoot tissue as an organic acid-Al complex, and subsequently storing the organic acid-Al complex in the vacuole of leaf cells (Ma & Hiradate 2000) . For example, Hydrangea macrophylla can accumulate more than 3000 µg Al g −1 dry weight in its leaves (Ma et al. 1997a) . Thus, in maize there could be an Al exclusion tolerance mechanism based on root citrate exudation, and a second internal tolerance mechanism using internal levels of Al-chelating citrate.
Role of citrate in alleviating the Al toxicity Our results confirm previous studies that citrate has an alleviating effect on Al toxicity (Figs 4 and 5) . The role of citrate in enhancing the tolerance to Al has been described (Hue et al. 1986) . Citrate is known to be much more effective in rendering Al non-phytotoxic than is malate (Ownby & Popham 1989) . The alleviating ef-fect of citrate was maximal at Al:Citrate molar ratio of 1:2 (Figs 4 and 5) . In hydroponic systems, an equimolar amount of citrate is needed to significantly reduce Al toxicity, whereas a 3-fold excess of malate and a 2-fold excess of oxalate relieves Al toxicity (Ryan et al. 1995; Zheng et al. 1998) . The introduction of citrate in medium containing Al ameliorates the cell culture of Nicotiana plumbaginifolia (Conner & Meredith 1985) . The reduction of Al toxicity by citrate was also reported with respect to Trifolium pratense (Kinraide et al. 1985) . Likewise, Suhayda & Haug (1986) have reported a similar protective effect of citrate on the membrane ATPase in maize. Moreover, citrate, oxalate, and tartarate ameliorated the toxic effect of Al on root growth in Gossypium hirsutum L. (Hue et al. 1986) . It is also shown that addition of citrate or succinate to the nutrient solution re-establishes the growth of Triticum aestivum in the presence of Al (Ownby & Popham 1989) .
In summary, our results suggest that citrate plays an important role in Al tolerance in maize. This is reflected in the ameliorative effect of exogenous levels of citrate on Al toxicity. Moreover, internal content of OAs may play a role in Al tolerance, since seedling roots contained control levels of total OAs and citrate. It is likely that tolerance mechanisms may prevent Al-induced OA alterations. However, such mechanisms remain to be elucidated.
